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Failure of bridges due to local scour has motivated many investigators to explore the
reasons of scouring and to give the prediction of the scour depth. But most scour
prediction equations only address non-pressure-flow situations. Little research has been
dedicated to another destructive scour, submerged-flow bridge scour (pressure flow scour)
which can cause significant damages to bridges when partially or totally submerged
during a large flood.

This thesis is specifically focused on the experimental study for time-dependent scour
depth under bridge-submerged flow. The experiments were conducted in a self contained
re-circulating tilting flume where two uniform sediment sizes and one model bridge deck
with three different inundation levels were tested for scour morphology. To this end, a
semi-empirical model for estimating time-dependent scour depth was then presented
based on the mass conservation of sediment, which agrees very well with the collected
data.

As current practice for determining the scour depth at a bridge crossing is based on the
equilibrium scour depth of a design flood (e.g., 50-year, 100-year, and 500-year flood
events), which is unnecessarily larger than a real maximum scour depth during a bridge
life span since the peak flow period of a flood event is often much shorter than the
corresponding scour equilibrium time. The proposed method can appropriately reduce the
design depth of bridge scour according to design flow and a peak flow period, which can
translate into significant savings in the construction of bridge foundations.
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Chapter 1 Introduction
1.1 Research Background
As a vital component of the transportation network, bridges play a pivotal role in
modern society. A bridge is a structure built to span a valley, road, body of water, or
other physical obstacle, for the purpose of providing passage over the obstacle.
Approximately 84 percent of the bridges are over water bodies, like a river, creek, lake
and ocean (NCHRP Report 396, 1997). Scour, defined as “the erosion or removal of
streambed or bank material form bridge foundations due to flowing water” is the most
common cause of the highway bridge failures in the United States (Kattell & Eriksson,
1998). According to statistic, 60% of all bridge failures result from scour and other
hydraulic related causes. In this regard, scour is the primary cause of bridge failure in the
United States (NCHRP Report 396, 1997).

Figure 1.1 Little Salmon River Bridge, Nez Perce National Forest. A January 1997 flood event
scoured the abutment and one of the intermediate piers causing failure (Kattell & Eriksson,1998)
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Although scour may occur at any time, scour action is especially strong during
floods. Scour of the streambed near the bridge piers and abutments led to more bridge
failures than other causes in the history (Murillo, 1987). D.W.Smith (1976), who is a
British bridge engineer, did an analysis about the failure reasons of the 143 damaged
bridges during the year of 1847 to 1975. The conclusion is displayed in the Table 1.1.
Table 1.1 Word-wide bridge failures categories (1847~1975) (D.W. Smith 1976)
Classification

Reasons

Number

1

Flood scour

70

2

Inappropriate materials

22

3

Overloading and Accidents

14

4

Inappropriate installment

12

5

Earthquakes

11

6

Error in design

5

7

Wind Destroy

4

8

Fatigue

4

9

Rust

1

With the high incidence of bridge failures due to flood scour, many have become
disturbed and alarmed. Bridge scour often resulted in substantial interruption of traffic,
and sometimes loss of life, not to mention damage to vehicles. Reviewing the past twenty
years, the bridge accidents resulted from flood scouring occurred all over the world.
Scour at bridges is a problem of national scope and is not limited to a few geographical
areas (Table 1.2)(David, 2000). In Great Britain, a bridge over river Crane near Feltham,

3
partially collapsed on 15th November 2009 following heavy rains. A submerged bridge
flow occurred in the Cedar River in Iowa after heavy rain in June 2008, which interrupted
traffic on I-80. Dey and Barbhuiya (2004) reported the collapse of Bulls Bridge over the
Rangitikei River, New Zealand. In another example by Bailey et al. (2002), “the Twin
bridges on Interstate 5 over Arroyo Pasajero in California were destroyed during a flood,
which resulted in the death of seven people.” It must be mentioned that the failure of the
New York State Thruway Bridge over Schoharie Creek on April 5, 1987, which cost 10
lives, has been attributed directly to local scour at bridge piers (LeBeau & Wadia-Fascetti,
2007). After this accident, the Federal Highway Administration required every state to
monitor the situation of bridge scour.
Table 1.2 Summary of bridges damaged or destroyed by selected floods (David 2000)
Location

Number of Bridges Damaged or
Destroyed

Calorado, 1965

63

South Dakota, 1972

106

Pennsylvania, West Virginia and Virginia, 1985

73

New York and New England, 1987

17

Midwest, 1993

>2,500

Georgia, 1994

>1,000

Virginia, 1995

74

California, 1995

45
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The economic lost stemming from bridge failures is another important aspect. A
sample of total highway damage repair costs caused by selected floods is given in
Table1.3. Approximately 19 percent of federal-emergency funds used for highway
restoration are allocated to bridge restoration (David 2000). In the period 1980-90, the
Federal government spent an average of $20 million per year to fund bridge restoration
projects (Rhodes and Trent, 1993). In New Zealand, scour related with floods results in
the expenditure of NZ$36 million annually (Melville and Coleman, 2000). The report
submitted to the DSIR (Department of Scientific and Industrial Research) of New
Zealand indicated that 50 percent of the total expenditure of the DSIR was used for the
bridges’ restoration and maintenance (Macky, 1990) indeed 70 percent of the
expenditures concentrated on bridge scour. Besides the direct expenditure for bridge
scour, the indirect expenditure and the longer impact to the local economy merit our
careful attention.
Table 1.3 Total highway damage repair cost for selected floods (David 2000)
Flood Location and Year

Repair Costs

Midwest - 1993

$178,000,000

Georgia - 1994

$130,000,000

Virginia - 1995

$40,000,000

Based on the harmfulness of the bridge scour discussed above, it deserves our
attention and effort to solve it. Bridge scour problems are not only relevant to the existing
bridges, but are also important to the safe design for new bridges. Many investigators
pursued many years for better understanding of the scour mechanism, better scour
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prediction methods and countermeasures against bridge scour (Alabi 2006). In spite of a
lot of work, both the experimental and numerical studies, have been done to predict the
behavior of the rivers and to quantify the equilibrium depth of scour, many researchers
still are interested in the basic understanding of the scour mechanism. Based on the
difference of the approach flow sediment transportation pattern, the local scour was
divided into clear-water scour and live-bed scour (Chabert and Engeldinger, 1956).
Researchers put their efforts on various aspects of the bridge scour problem. Such
as the local flow field around the abutment, the process of the scour, the parametric
studies of scour and the scour depth change with time etc (Alabi 2006). As the practical
meaning of the accurate prediction of the scour depth, most of the researches paid more
attention on the study of the scour depth. More specifically, the study areas include the
prediction of the scour depth in both uniform and nonuniform flow, the prediction of the
scour depth on the condition of the free surface water or pressure water and the time scale
for local scour etc. For example, Johnson and McCune (1991) developed an analytical
model to simulate the temporal process of local scour at piers. Melville and Chiew (1999)
presented an expression to enable the determination of the variation with time of scour at
a pier.
Equilibrium scour is said to occur when the scour depth does not change with
time. Equilibrium can also be defined as the asymptotic state of scour reached as the
scouring rate becomes very small or insignificant (Patrick, 2006). Equilibrium scour
depth under bridge-submerged flow at the clear water threshold condition has been
studied by Arneson and Abt (1998), Umbrell et al. (1998), Lyn (2008), and Guo et al.
(2009). These studies showed that equilibrium conditions are attained under very long
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flow durations. According to Lyn (2008), even after 48 hours, an equilibrium scour depth
could not be attained in his flume experiments. Guo et al. (2009) reported that for an
approach flow depth of 25 cm, approach velocity of 0.4-0.5 m/s, sediment size of 1-2 mm,
and bridge opening height of 10-22 cm, a time of about 42-48 hours was required for the
scour depth to develop to its equilibrium value. If a model scale 1:40 and a Froude
number similarity are used, these flow durations are equivalent to 11-13 days in prototype
conditions, which may be much longer than the duration of a peak-flow in a flood event.
In other words, the use of an equilibrium scour depth leads to overly conservative scour
depth estimates that translate into excessive costs in the construction of bridge
foundations. To improve the cost-efficiency of bridge foundation designs or retrofits, the
time-dependent scour depth under bridge-submerged flow is of practical relevance.
The study of time-dependent scour depth has been reported extensively in
literature for two decades, but all of them were, under free surface flow condition, about
pier scour (Dargahi 1990, Yanmaz and Alitmbilek 1991, Melville 1992, Kothyari et al.
1992, Melville and Chiew 1999, Chang 2004, Oliveto and Hager 2005, Lopez et al. 2006,
Yanmaz 2006, Lai et al. 2009) and abutment scour (Oliveto and Hager 2002, Coleman et
al. 2003, Dey and Barbhuiya 2005, Yanmaz and Kose 2009). None of them were about
general scour under bridge-submerged flow conditions (or pressurized flow conditions).

1.2 Objectives of Research
The objective of this study was to develop a semi-empirical model for computing
the time-dependent variation of the maximum clear-water scour depth under bridge-
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submerged flow. To this end, a series of flume tests was conducted to collect timedependent scour data. A semi-empirical model was, next, developed based on the
conservation of mass for sediment. The proposed model was, then, tested by the collected
data. Finally, implications and limitations were noted for guiding practical applications
and further research.

1.3 Synopsis of Thesis
In Chapter 2, the literature review about the basic knowledge of scour, the
theoretical and experimental study about the prediction of the scour depth, the temporal
development of scour and scour under bridge-submerged flow condition are covered.
Chapter 3 gives a description of the experimental apparatus, models and procedures.
Results and discussion of results are presented in Chapter 4. A Semi-empirical model for
maximum scour depth is derived in Chapter 5. Finally, the main work of this study and
recommendations for the future studies are presented in Chapter 6.
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Chapter 2 Literature Review

2.1 Introduction
This chapter describes equipment and techniques used before this study to
estimate scour depth at bridge piers and abutments. Most of the research results that are
available for predicting the scour depth have been developed from small-scale, hydraulic
modeling conducted in laboratories, and a limited amount of empirical data acquired
from the field sites. Information about the previous studies was obtained mostly from the
published papers. In order to familiarize the reader with terminologies germane to local
scour and further understanding of scour. Some basic concepts about related with this
study will be discussed briefly.
Although a vast literature exists relating to bridge scour, few reports deal
specifically with the general scour under bridge-submerged flow condition (or
pressurized flow condition). In the end of this section will talk about this point.

2.2 Scour
2.2.1 Definition of Scour
What is scour? Scour is the hole left behind when sediment (sand and rocks) is
washed away from the bottom of a river. In order to provide more detail information, an
advanced definition of bridge scour is often referred to “scour or erosion of the streambed
and banks near the foundation (piers and abutments) of a bridge”. Breusers et al. (1977)

9
defined scour as a natural phenomenon caused by the flow of water in rivers and streams.
It is the consequence of the erosion of flowing water, which removes and erodes material
from the bed and banks of streams and also from the vicinity of bridge piers and
abutments.

2.2.2 Types of Scour
Richardson and Davies (1995) claimed that the total scour at a river crossing can
be divided into three components, including general scour, contraction scour and local
scour.
It is acknowledged that under the interaction of the flow and sediment, the
riverbed undergo the natural evolution in a long time. The unbalance of the scour and
sediment is the root reason of the riverbed evolution. General scour is the removal of
sediment from the river bottom by the flow of the river. The sediment removal and the
resultant lowering of the river bottom is a natural process, but may remove huge amount
of sediment over time. General scour is referred as degradation scour in some papers.
Contraction scour is the removal of sediment from the bottom and side of the river.
It occurs when the natural flow area of a stream channel is reduced or constricted.
Contraction scour is caused by an increase in speed of the water as it moves through a
bridge opening that is narrower than natural river channel. The increase in velocity causes
additional tractive shear stress on the bed surface, resulting in an increase in bed scour in
the area of contraction (Umbrell et al. 1998).
Local scour is removal of sediment from around bridge piers or abutments. Piers
are the pillars supporting a bridge. Abutments are the supports at each end of a bridge.
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Water flowing past a pier or abutment may scoop out holes in the sediment; these holes
are known as scour holes. As the local scour bring more damage to the bridges,
researchers did a lot of work about this kind of scour. More phases about local scour will
be discussed in the section of 2.3.

2.2.3 Areas Affected by Scour
Water normally flows faster around piers and abutments making them susceptible
to local scour. At bridge openings, contraction scour can occur when water accelerates as
it flows through an opening that is narrower than the channel upstream from the bridge.
Degradation scour occurs both upstream and downstream from a bridge over large areas.
Over long periods of time, this can result in lowering of the stream bed
(http://en.wikipedia.org/wiki/Bridge_scour#cite_ref-presentation_1-1).

2.3 Local Scour
The basic mechanism causing local scour at piers is the formation of vortices
(known as the horseshoe vortex) at their base (Figure 2.1).

Figure 2.1 Illustration of the flow and scour pattern at a circular pier (Melville &
Coleman 2000).
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2.3.1 Flow Structure around the Bridge Pier
The flow structure at the vicinity of the bridge piers mainly include the decelerate
flow before the pier, the stagnation pressure on the face of the pier and the vortex system
around the piers. The strong vortex motion caused by the existence of the pier entrains
bed sediments within the vicinity of the pier base (Lauchlan and Melville 2001). The
down-flow rolls up as it continues to create a hole and, through interaction with the
oncoming flow, develops into a complex vortex system. The vortex system is a kind of
flow structure, and is the main considering factor in the predicting of the scour depth.
As illustrated in Figure 2.1, the pileup of water on the upstream surface of the
obstruction and the acceleration of the flow around the nose of the pier or abutment lead a
kind of vortex, named as horseshoe vortex because of its great similarity to a horseshoe
(Breusers et al. 1977). In addition to the horseshoe vortex around the base of a pier, there
are vertical vortices downstream of the pier called the wake vortex (Dargahi 1990). The
horseshoe vortex caused the maximum velocity of the down flow more close to the piers.
The wake vortex is the separation of the flow at the sides of the pier. Working like a
vacuum machine, the lower pressure center makes the transport rate of sediment away
from the base region is greater than the transport rate into the region, and consequently, a
scour hole develops. Both the horseshoe and wake vortices remove material from the pier
base region. However, the intensity of the wake vortices is drastically reduced with
distance downstream. Therefore, immediately downstream of a long pier there is often
deposition of material (Richardson and Davies, 1995).
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2.3.2 Scour Depth and Velocity
When the approach flow velocity is smaller than the sediment entrainment
velocity, the bed sediment keeps static. But under the effect of the vortex mentioned in
the previous section, the local velocity near the bridge piers increased. Firstly, the
upstream of the piers reached the entrainment velocity, the sediment started to move
downstream and appeared the scour hole. If the scour hole is not refilled by the approach
flow, named as the clear-water scour. Melville (1984) defined the clear water scour as the
case where the bed sediment is not moved by the approach flow, or rather where
sediment material is removed from the scour hole but not refilled by the approach flow.
In contrast, the live-bed scour occurs when the scour hole is continually replenished with
sediment by the approach flow (Dey 1999). Usually, the clear-water scour and live-bed
scour consider as two classification of the local scour based on the pattern of sediment
transportation.
View from the velocity relationship, the clear-water scour occurs for mean flow
velocity up to the threshold velocity for bed sediment entrainment, i.e., u<= uc (Melville
and Chiew 1999). On the other hand, live-bed scour occurs when u> uc. Melville and
Raudkivi (1977), Chiew and Melville (1987) studied the influence to scour depth from
the ratio of mean flow velocity and the threshold velocity for bed sediment entrainment.
The conclusion is if the ratio is smaller than 0.5, no sour occurs; If the ratio is between
0.5 and 1, consider as clear-water scour; If the ratio is between 1 and 4, consider as the
live-bed scour.
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The time-dependent development of the scour depth under the clear-water and
live-bed scour conditions is illustrated in Figure 2.2. From the Figure, the rapid
development of scour depths under live-bed conditions (when sediment is generally in
motion) means that the equilibrium scour depths are obtained rapidly for flow, but it
fluctuates around the equilibrium scour depth. However, under clear-water conditions
(the average approach flow V is less than the critical flow velocity for sediment
entrainment), scour holes develop more slowly. An equilibrium clear-water scour depth is
reached asymptotically with much longer time than live-bed condition. And the final
equilibrium scour depth in clear-water scour is larger than that in live-bed scour.

Figure 2.2 Time-dependent development of the scour depth (Raudlivi and Ettema 1983)
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2.3.3 Local Scour Parameters
Assuming the flow is uniform steady flow, the factors that affect the magnitude of
the local scour at piers and abutments can be grouped into four major headings.
1. Fluid parameters: flow intensity , kinematic viscosity and acceleration due
to gravity ;
2. Approaching stream flow parameters: flow depth, Froude number, angle
of attack of the approach flow to the pier;
3. Bed sediment parameters: sediment density, diameter of the sediment,
grain size distribution, cohesiveness of the soil;
4. Pier parameters: size(i.e. the width of the pier), shape of the pier;

2.4 Local Scour Depth
To reduce the bridge failure caused by local scour and to improve the costefficiency of bridge foundation designs or retrofits, predict the local scour depth correctly
is of practical relevance.

2.4.1 Equilibrium Scour Depth
As introduced previously, localized scour can occur as either clear-water scour or
live-bed scour. The majority of the previous studies are devoted to determine the
maximum depth of the scour around the bridge elements. Considering of the clear-water
condition, the object of study is mostly based on estimation of the equilibrium depth of
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the scour. The equilibrium scour depth is attained when the time-averaged transport of
bed material into the scour hole equals that removed from it. The understanding of the
equilibrium scour depth varies from different researchers. Anderson (1963) states “By
virtue of the logarithmic character of the development of the scour region with time, a
practical equilibrium is reached after a relatively short time, after which the increase in
the depth and extent of scour becomes virtually imperceptible”. However, Rouse (1965)
claims that scour is an ever-increasing phenomenon and there is no real equilibrium scour
depth. This opinion was agreed by Bresuers (1963, 1967) and Kohli and Hager (2001).
But more investigators believe that an equilibrium scour depth does exist (Laursen 1952,
Carstens 1966, Gill 1972) and gave the definition of it. Franzetti et al. (1982) refer to
equilibrium as the state of scour development where no further change occurs with time.
Equilibrium can also be defined as the asymptotic state of scour reached as the scouring
rate becomes small or insignificant (Patrick 2006).
The equilibrium scour depth is subject to influence of flow and sediment
parameters. In the related literature, equilibrium scour depth is written as a function of the
velocity, flow depth and particle size. For a given pier, sediment, and approach flow
velocity and the concomitant estimation of the scour depth at any stage during the
development of the equilibrium scour hole, the method was given for getting the
equilibrium scour depth (Melville and Chiew, 1999).

2.4.2 Temporal Variation of Scour
In order to enlighten the mechanisms responsible for the scouring phenomenon,
several aspects are need to be clarified, one of them is the temporal variation of scour.
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Local scour around the bridge elements is a time dependent phenomenon. It is always
represented in graphic form by plotting the maximum scour depth against the time. It is
difficult to get the accurate maximum scour depth in a given time due to the complexity
of the scour process. Therefore, many methods have always been considered to yield the
relationship of the maximum equilibrium scour depth and time.
Attempts to describe the temporal development of scour have been made by
various authors in the past half century, as shown is Table 2.1. Among of them, Melville
and Chiew (1999) did a lot of significant work. They claimed that the temporal
development of scour is dependent on the condition of flow, geometry and sediment
parameters based on the data from about 35 experiments that covered a wide range of
pier diameter, flow depth and approach floe velocity. The significant conclusions are the
scour depth after 10% of the time to equilibrium is between about 50% and 80% of the
equilibrium scour depth. And for a given approach flow depth and velocity ratio, the time
to equilibrium increases with increasing pier diameter.
Table 2.1 The study of the temporal development of scour
Year
1956

Investigator(s)
Chabert and Engeldinger

1965

Shen et al.

Work
introducing the effects of
time and velocity on
clear water and live bed
local scouring at bridge
piers
studied time-dependent
variation in clear water
scouring around bridge
piers

Special
first

performed an
experimental study on
temporal variation of
scour around piers in
uniform, non-uniform
and layered bed
sediments
developed a chart giving
temporal variation in
scour depth around
cylindrical piers using
non-uniform sediments
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non-uniform

1980

Ettema

1983

Raudkivi and Ettema

1991

Yanmaz and Altmbilek

introduced a semiempirical model giving
time-dependent variation
in clear water scour depth
around cylindrical and
square piers in uniform
bed material

semiempirical
model

1992

Kothyari et al.

studied the temporal
variation of scour depth
at bridge piers under
clear-water scour
condition with unsteady
flow

unsteady flow

1994

Chatterjee et al.

measured the time
variation of scour depth
downstream of an apron
due to a submerged jet

1999

Melville and Chiew

developed an empirical
equation giving the
temporal variation in
clear water scour at
cylindrical bridge piers in
uniform sediments as a
function of equilibrium
scouring parameters.

non-uniform

empirical
equation for
equilibrium
conditions
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non-uniform

2002

Oliveto and Hager

gave temporal variation
in clear water scour depth
around piers in nonuniform sediments

2004

Chang et al.

carried out experiments
under steady and
unsteady water condition,
with uniform and nonuniform sediment to
predict the evolution of
scour depth

steady and
unsteady,
uniform and
non-uniform

2005

Dey and Barbhuiya

developed a semiempirical model to
compute the temporal
variation of scour depth
for short abutment

short abutment

2.4.3 Equations for Describing Temporal Variation of Scour
A study of US Federal Highway Administration in 1973 concluded that of 383
bridge failures, 25% involved pier damage and 72% involved abutment damage
(Richardson et al 1993). So many investigators focused on giving the equation for
describing temporal variation of scour based on the local scour at piers and abutments.
Rouse (1965), Gill (1972), Rajaratnam and Nwachukwu (1983), Dargahi (1990),
Ettema (1980), Kohli and Hager (2001), Oliveto and Hager (2002) and Coleman et al
(2003) think that the variation of scour depth with time is logarithmic.
Kohli and Hager (2001) conducted laboratory experiment to study the influence
of test duration on the scour depth at vertical –wall abutments placed in floodplain. They
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found that densimetric particle Froude number has a significant effect on the scour depth.
They gave a logarithmic function of time-variation of scour depth as
𝑑𝑠𝑡 = 𝐹𝑑2 10 𝑙 cos 𝜃𝑎

0.5

𝑙𝑜𝑔 𝑡 ∆𝑔𝑑

0.5

10

(2.1)

in which 𝐹𝑑 is the densimetric Froude number, h is the approaching flow depth, 𝑙 is the
transverse length or protrusion length of abutment, 𝜃𝛼 is angle of attack , d is the median
diameter of sediment particles.
In the published paper, Oliveto and Hager presented new research on bridge pier
and abutment scour based on a large data set collected at ETH Zurich, Switzerland. In
total six different sediments were tested, of which three were uniform. An equation for
temporal scour evolution was proposed and verified with the available literature data. The
limitations relating to hydraulic, granulometric, and geometrical parameters are excluded
in the scour equation as follows:
𝑑𝑠𝑡 𝐿𝑅 = 0.068𝑁𝑠 𝜎𝑔 −1 2 𝐹𝑑1.5 log 𝑇𝑅

𝐹𝑑 > 𝐹𝑑𝑖

(2.2)

which 𝐿𝑅 is the reference length 𝑙 2 3 1 3 , 𝑁𝑠 is the shape number, 𝜎𝑔 is the geometric
standard deviation, 𝑇𝑅 is the dimensionless time, N as a shape number equal to N = 1 for
the circular pier, and N =1.25 for the rectangular abutment (or pier). The sediment
standard deviation σ has a definite effect on scour and was recently established for
inception of sediment transport.
Coleman et al (2003) analyzed the time-variation of scour depth at vertical-wall abutment
under clear-water condition. They put forward the following equation:
𝑑𝑠𝑡 𝑑𝑠 = 𝑒𝑥𝑝 −0.07 𝑈𝐶 𝑈 𝑙𝑛(𝑡 𝑇)

1.5

(2.3)
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Ahmad (1953), Franzetti et al (1982), Kandasamy (1989), Whitehouse (1997),
Caedoso and Bettess (1999) and Ballio and Orsi (2000) propose an exponential timevariation of scour; while Bresuers (1967) and Cunha (1975) give a power law distribution.
Franzetti et al. (1982) studied the influence of test duration on the ultimate scour
depth at a circular pier and suggested an exponential of the form
𝑦𝑠 = 𝑦𝑠𝑒 1 − 𝑒𝑥𝑝 −𝐵𝑇 𝐶
𝑇=

(2.4)

𝑢𝑡

(2.5)

𝐷

where ys = scour depth; 𝑦𝑠𝑒 = ultimate or equilibrium scour depth; B and C are constants;
T = dimensionless time; u = mean velocity of the approach flow; t = time; and D = pier
diameter. After conducting a series of experiments, Franzetti et al. got the number range
of B and C, they adopted the average value of these constants. The equation finally
becomes
𝑦𝑠 = 𝑦𝑠𝑒 1 − 𝑒𝑥𝑝 −0.028𝑇 1

3

(2.6)

Cunha (1975) gave an expression of the form ys = KT C , where K has the unit of
length, C is a dimensionless constant and T is the dimensionless time.
In the following study, Simarro-Grande and Martin-Vide compared the Cunha
(1975) expression with that of Franzetti et al. (1982), and found that the value of K can
be approximated as K = yse B and also observed that the value of C is approximately
equal for each equation. Another important equation was posed by Melville and Chiew
(1999), based on series of experiments for pier scourge under clear-water conditions, they
presented in the paper:
𝑦𝑠 𝑦𝑠𝑒 = 𝑒𝑥𝑝 −0.03

𝑢𝑐
𝑢

𝑡

ln
(𝑡 )
𝑒

1.6

(2.7)

𝑇∗ =
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𝑢𝑡𝑒
𝐷

𝑇 ∗ = 1.6 ∗ 106
𝑇 ∗ = 2.5 ∗ 106

(2.8)
𝑦0
𝐷

0.25

𝑓𝑜𝑟
𝑓𝑜𝑟

𝑦0
≤6
𝐷

𝑦0
>6
𝐷

(2.9)
(2.10)

where T* is the dimensionless equilibrium time scale and 𝑡𝑒 represents the time to the
equilibrium scour condition. The critical velocity 𝑢𝑐 which is dependent on the flow
depth, was determine using the semi-logarithmic average velocity equation for a rough
bed.

2.4.4 Estimation of Equilibrium Scour Depth
Estimation of the equilibrium scour depth is needed for economical and secure
design of the infrastructural components of bridges. While underestimation of the scour
depth leads to the design of too shallow a bridge foundation, on the other hand,
overestimation leads to uneconomic design on the other (Ting et al. 2001). A majority of
the scour studies have been carried out for giving the equilibrium scour depth prediction
equation.
Although it is claimed that during a flood event the maximum scour depth at
peak-flow may be much smaller than the equilibrium scour depth, there are few
investigations for estimating the maximum scour depth under real flood flow. Instead of
this, the design flow condition is chosen for prediction of the equilibrium scour depth.
Most of the equilibrium scour depth predicting equations are empirical equations.
Both the experimental laboratory data and field data are essential in deriving these
equations. A number of studies have been carried out with a view to determining the
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equilibrium scour depth for clear water scour under steady flow condition. Such as
Laursen (1958), Neill(1964), Shen et al.(1969), Breusers (1977), Raudkivi and Ettema
(1983), Yanmaz and Altinbilek (1991) and Melville and Chiew (1999).
Based on the Laursen and Toch (1956) data, Breusers et al. (1977) presented an
equation to calculate the equilibrium scour depth:
𝑦𝑠𝑒 = 1.35𝐾𝑖 𝑏0.7 𝑦00.3

(2.11)

where 𝐾𝑖 =1.0 for circular pier, b = pier width, y0 = flow depth.
Colorado State University gave an equation involved the Froude number to
predict the equilibrium scour depth, the prediction equation is as follows:
𝑦𝑠𝑒 = 2.0𝐾𝑖 𝑦0 𝐹𝑟0.43

𝑏

0.65

𝑦0

(2.12)

where Ki =1.1 for a circular pier with clear-water scour, Fr is Froude number.

2.5 Scour Under Bridge-Submerged Flow Condition
The studies of bridge scour usually assume an un-submerged bridge flow, but the
flow regime can switch to submerged flow when the downstream edge of bridge deck is
partially or totally inundated during large flood events. Figure 2.3 shows a bridge
undergoing partially submerged flow in Salt Creek, NE, in June 2008. More an example,
a submerged bridge flow occurred in the Cedar River in Iowa after rain in June 2008
(Figure 2.4), which interrupted traffic on I -80. Submerged flow most likely creates a
severe scouring capability because to pass a given discharge, the flow under a bridge can
only scour the channel bed to dissipate its energy.
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Figure 2.3 Fhoto. Partially inundated bridge deck at Salt Creek, NE

Figure 2.4 Submerged-flow of Cedar River bridge on I-80 in Iowa in June 2008
Review the aforementioned studies, only Arneson and Abt (1998), Umbrell et al.
(1998) and Lyn (2008) investigated on the submerged-flow bridge scour. Arneson and
Abt (1998) in Colorado State did series of flume tests and proposed the following
regression equation.
𝑦𝑠
𝑢

= −0.93 + 0.23

𝑢
𝑏

+ 0.82

𝑦𝑠 + 𝑏
𝑢

+ 0.03

𝑉𝑏
𝑉𝑢𝑐

(2.13)
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where ys = maximum equilibrium scour depth, hu = depth of approach flow before scour,
hb = vertical bridge opening height before scour, Vb = velocity through a bridge before
scour, and Vuc = upstream critical approach velocity defined by
1 6

𝑢

𝑉𝑢𝑐 = 1.52 𝑔 𝑠 − 1 𝑑50

𝑑 50

(2.14)

where g = gravitational acceleration, s = specific gravity of sediment, and d50 = median
diameter of bed materials. Although Eq. (2.13) has been adopted in the FHWA manual
(Richardson and Davis 2001), it suffers from a spurious correlation where both sides of
the equation include ys hu . In the meanwhile, Umbrell et al. (1998) also conducted a
series of flume tests in the FHWA J. Sterling Jones Hydraulics Laboratory. Using the
mass conservation law and assuming that the velocity under a bridge at scour equilibrium
is equal to the critical velocity of the upstream flow, they presented the following
equation
𝑦 𝑠 + 𝑏
𝑢

=

𝑉𝑢
𝑉𝑢𝑐

1−

𝑏

(2.15)

𝑢

where Vu = approach flow velocity that is less than or equal to the critical velocity Vuc ,
and b = thickness of the bridge deck. By comparing Eq. (2.15) with their flume data,
Umbrell et al. modified Eq. (2.15) as follows
𝑦𝑠 + 𝑏
𝑢

= 1.102

𝑉𝑢
𝑉𝑢𝑐

𝑏

1−

𝑢

0.603

(2.16)

where the critical velocity is estimated by Eq. (2.14) except that the coefficient, 1.52, is
replaced by 1.58. Eq. (2.15) or (2.16) was based on the mass conservation law, but the
dynamic law of momentum or energy was overlooked, which weakens the foundation of
predictions because scour is a dynamic process. Besides, Umbrell’s tests were run only
for 3.5 hours that is not enough time for equilibrium scour to develop although they

25
extrapolated their results to equilibrium states. The latest study was reported by Lyn
(2008), who reanalyzed Arneson’s and Umbrell’s data sets and proposed the following
power law
𝑦𝑠
𝑢

= 𝑚𝑖𝑛 0.105

𝑉𝑏
𝑉𝑢𝑐

2.95

, 0.5

(2.17)

where Vb and Vuc are the same as in Eq. (2.13). Lyn’s equation is an empirical model, but
he identified the spurious regression of Eq. (2.13) and the low quality of Umbrell’s data
set.
Recently, Guo et al. (2009) divided bridge – submerged flow into three cases.
They are as follows:
Case 1
If the downstream low chord of a bridge is un-submerged as shown in Figure 2.5,
the bridge operates as an inlet control sluice gate. The scour is independent of the bridge
width and continues until a uniform flow and a critical bed shear stress are reached. This
case occurs only for upstream slightly submerged conditions.
Case 2
If the downstream low chord is partially submerged as shown in Figure 2.6, the
bridge operates as an outlet control orifice, and the bridge flow is rapidly varied pressure
flow.
Case 3
If the bridge is totally submerged as shown in Figure 2.7, it operates as a
combination of an orifice and a weir. Only the discharge through the bridge affects scour
depth. In this study, the experimental condition as case 3.
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Figure 2.5 Illustration pressure flow for case 1

Figure 2.6 Illustration pressure flow for case 2

Figure 2.7 Illustration pressure flow for case 3
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According to Guo et al. (2009), scour of case 1 can be estimated by the traditional critical
shear stress or critical velocity method. Scour of case 2 and case 3 can be estimated by
the following equations:
𝑏 + 𝑦𝑠
=
𝑏 + 𝑎

𝜆
1 + 𝐹𝑚

(2.18)

2𝛽
1+ 2
𝐹

or
𝑏 + 𝑦𝑠
=
𝑏 + 𝑏

𝑔(𝑢 − 𝑏 ) 𝑚
𝑉𝑢𝑒2
2𝑔(𝑢 − 𝑏 )
1+
𝑉𝑢𝑒2

1+𝜆

2

(2.19)

where hb is the bridge opening, ys is the maximum scour depth, a is the deck block depth,
b is the thickness of bridge deck including girders, λ is an empirical fitting factor, F is
inundation Froude number, m is fitting parameter in the bridge energy loss coefficient, β
is the correction factor for hydrostatic pressure under bridge, hu is the depth of headwater,
Vue is the upstream effective velocity.
In the following chapters we will emphasize on the time-dependent scour of
bridge-submerged flow.
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Chapter 3 Experimental Setup and
Methodology
3.1 Introduction
In this chapter, the experimental arrangements, hydraulic models, data acquisition
system and variables measured in the model study are described. The experimental study
was aimed at understanding the time-dependent scour processes in bridge-submerged
flow and collecting data for the development of a semi-empirical model for scour depth.
All of the experiments were conducted by Dr.Lianjun Zhao in the FHWA J. Sterling
Jones Hydraulics Laboratory, located at the Turner-Fairbank Highway Research Center
in McLean, VA.

3.2 Flume
The experiment in this study was conducted in a circulating flume. The flume had
a length of 21.35 m, width of 1.83m, and depth of 0.55 m with clear sides and a stainless
steel bottom whose slope was 0.0007%. In the middle of the flume was installed a
working section in the form of a recess, which is filled with sediment to a uniform
thickness of 0.4 m. The sand bed recess is 3.04 m long and 0.63 m wide with a model
bridge above it. A honeycomb flow straightener and a trumpet-shaped inlet were
carefully designed to smoothly guide the flow into the working channel. The circulating
flow system is served by a pump with capacity of 0.3 m3/s, located at the downstream end
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of the flume. The pump takes the water from a sump at the downstream end of the flume.
The sump, which is 210 m3 located immediately at the downstream of the flume and
separated from it by a tailgate. The depth of flow was also controlled by the tailgate. The
water discharge was measured by a LabView program and checked by an
electromagnetic flow meter. Figure 3.1 shows a schematic illustration of the experimental
flume system. Figure 3.2 shows a photograph of the experimental model.

Figure 3.1 Schematic illustration of the experimental flume system
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Figure 3.2 Photographs of the experimental model

3.3 Flow Conditions
A LabView program was used to control an automated flume carriage that was
equipped with a Micro Acoustic Doppler Velocimeter (MicroADV) for records of
velocities and a laser distance sensor for records of depths of flow and scour. Acoustic
Doppler Velocimeters are capable of reporting accurate mean values of water velocity in
three directions (Kraus et al., 1994; Lohrman et al., 1994; Voulgaris et al., 1998) even in
low flow conditions (Lohrman et al., 1994). The SonTek MicroADV is a versatile, highprecision instrument used to measure 3D water velocity. The MicroADV is used to
measure water velocity in a wide range of environments including laboratories, rivers,
estuaries and the ocean. An ADV measures three-dimensional flow velocities using the
Doppler shift principle and consists, basically, of a sound emitter, three sound receivers
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and a signal conditioning electronic module. The emitter of the instrument generates an
acoustic signal that is reflected back by sound-scattering particles present in the water
(assumed to move at the water velocity). This scattered sound signal is detected by the
instrument receivers and used to compute the signal Doppler phase shift with which the
radial flow velocity component is calculated. The MicroADV (SonTek 1997) measures 3dimensional flow in a cylindrical sampling volume of 4.5 mm in diameter and 5.6 mm in
height with a small sampling volume located about 5 cm from the probe; with no zero
offset, the MicroADV can measure flow velocities from less than 1 mm/s to over 2.5 m/s.
The velocity profile measuring device MicroADV(SonTek 1997) is shown in Figure 3.3.

Figure 3.3 MicroADV(SonTek 1997)
In the present experiments, velocity measurements were taken in a horizontal
plane located at a cross-section 22 cm upstream of the bridge. The LabView program was
set to read the MicroADV probe and the laser distance sensor for 60 seconds at a scan
rate of 25 Hz. According to the instructions, the MicroADV has an accuracy of 1% of
measured velocity, and the laser distance sensor has an accuracy of 0.2 mm.
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This study emphasizes clear water scour since it is usually larger than the
corresponding live bed scour. To ensure a clear water scour under the bridge, the
approach velocity in the test channel must be less than the critical velocity, which can be
preliminarily calculated by Neill's (1973) equation and adjusted by a trial-and-error
method. Since the flow depths in the experiments were always kept at 25 cm, according
the equation
𝑉𝐶 = 1.52 𝑔 𝑠 − 1 𝑑50

𝑢
𝑑50

1 6

(3.1)

where g = gravitational acceleration, s = specific gravity of sediment, and d 50 = media
diameter of the bed materials. The critical velocity is about
Vc = 0.485 m/s
which corresponds to a maximum allowable discharge in the test channel.
Qmax = (0.485 m/s) (0.63 m) (0.25 m) = 0.0764 m3/s
Based on the calculation above, two discharges were applied in the experiments.
They were determined by a critical velocity and the flow cross-section in the test channel
that had a width of 0.63 m and a constant flow depth of 0.25 m. The critical velocity of
sediment d50  1.14 mm was approximately 0.425 m/s and the corresponding experimental
discharge Q was 0.0669 m3/s. The critical velocity of sediment d50  2.18 mm was
approximately 0.482 m/s, and the corresponding experimental discharge was 0.0759 m3/s.

3.4 Sand Bed
Figure 3.4 shows the sand bed preparation in the test channel. To test the effect of
sediment size on scour morphology, two uniform sands (the gradation coefficient
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 g  1.5 ) were used: a median diameter d50  1.14 mm with  g  1.45 , and a median
diameter d50  2.18 mm with  g  1.35 .

Figure 3.4 Sand bed preparation in the test section

3.5 Model
A previous study (Guo et al. 2009) has shown that the scour depth in submerged
flow is independent of the number of girders so that only a six-girder deck was tested in
the present study. The six-girder deck, made of special Plexiglas (shown in the Figure
3.5), was chosen since most four lane US highway bridges have six girders. The deck has
rails at the edges that allow water to pass through onto the deck surface. The deck
elevation was adjustable, permitting the deck to have eight different inundation levels.
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Figure 3.5 Model deck of the experiment

3.6 Statement of the Problem and the Experiment Conditions
The experimental setup is shown in Figure 3.6: Without contraction channel and
piers, a bridge crossing over a river clear water flow, where Vu = velocity of the
upstream flow, B = width of the river, W = width of the bridge deck, d 50 = median
diameter of the bed materials, hu = depth of the upstream flow, hb = bridge opening
before the scour, b = thickness of the bridge deck, and ys = maximum scour depth.
Determine the maximum scour depth ys in Figure 3.6 by considering a unit river flow.
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(a) Plan of a bridge crossing

(b) Centerline cross-section

Figure 3.6 Flow through bridge without contraction channel and piers

To study the scour processes, scour morphologies at eleven times were measured
for each given bridge opening height. The settings of the flow, sediment, bridge height
and designated times are listed in Table 3.1, where the Froude and Reynolds numbers
show that the approach flows were subcritical turbulent flows.
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Table 3.1 Experimental conditions
Approach flow
conditions:

hu  25 cm , Rh  13.9 cm , Vu  42.5 cm / s for d50  1.14 mm with
 g  1.45 , Re  59100 , Fr  0.271

Vu  48.2 cm / s for d50  2.18 mm with  g  1.35 , Re  66700 ,
Fr=0.308
Bridge opening heights:

hb  13,16, and 19 cm

Scour measurements
at:

t=0.5,1,2,4,8,12,16,20,24,30,36 and 42 hours

Note: Re is based on hydraulic radius, and Fr based on flow depth.

3.7 General Experimental Procedure and Data Acquisition
For each test with designated bright height and scour time, the experimental
procedure as follows: 1) Filled the sediment recess with sand and evenly distributed sand
on the bottom of the flume until the depth of sand was 60 cm in the sediment recess and
20 cm in the test channel. 2) Installed a bridge deck at a designated elevation and
positioned it perpendicular to the direction of flow. 3) Pumped water gradually from the
sump to the flume to the experimental discharge that was controlled by the LabView. 4)
Checked the approach velocity distributions in the vertical and lateral to see if they were
more or less uniform away from the walls, and ran each test until the designated time. 5)
Gradually emptied water and carefully removed the model bridge from the flume. 6)
Scanned the 3-dimensional scour morphology using the laser distance sensor with a grid
size of 5cm  5cm .
An automated flume carriage fitted to the main flume, shown in Fig.3.7, was used
to collect data of velocity field and scour depths. The scour depths were measured using a
laser distance sensor while the velocity field was measyred using a PIV system. A Lab
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VIEW program was applied for data acquisition, instrument control, data analysis, and
report generation.

Figure 3.7 The automated flume carriage fitted to the main flume
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Chapter 4 Results and Discussion
4.1 Introduction
The objective of this study was to present a design method for time-dependent
scour depth under bridge-submerged flow. A series of flume experiments on scour depth
under bridge-submerged flow were carried out to collect scour data at different times. In
this chapter, the results obtained from all of the experiments are presented. The analyses
and the discussion of the results are presented subsequently. The experimental results
include the velocity distributions of the approach flow, the records of 3-dimensional
scour morphology, the width-averaged 2-dimensional longitudinal scour profiles, and the
width-averaged maximum scour depths.

4.2 Velocity Distribution

Figure 4.1 Boundary layer on a flat plate
Source: http://www.cortana.com/20061218_Boundary_Layer_of_Flat_Plate_jpg.jpg
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As indicated by figure 4.1, which shows the development of boundary length as
the flow passes over a solid surface, flow along the flume encounters resistance which is
proportional to the roughness of bounding walls with the development of boundary layers.
Boundary layers appear on the surface of bodies in viscous flow because the fluid seems
to "stick" to the surface. When a fluid flows over a stationary surface, e.g., the bed of a
river or the wall of a pipe, the fluid touching the surface is brought to rest by the shear
stress at the wall. The velocity increases from the wall to a maximum in the main stream
of the flow. The boundary layer thickness will increase with distance from the point
where the fluid first starts to pass over the boundary. It increases to a maximum in fully
developed flow. Correspondingly, the friction on the fluid due to shear stress to at the
wall increases from zero at the start of the plate to a maximum in the fully developed
flow region where it remains constant.
At the entrance to the flume a high-velocity gradient is developed in the vicinity
of the flume bed, which is associated with the frictional stresses generated between the
fluid particles and the sand. A boundary layer is developed adjacent to the sand bed,
which may be laminar (i.e. a constant motion within layers) at the upstream end due to
viscous shear stress (as shown in figure 4.1), steadily thickens to a certain point in the
flume length in which the flow is called developing flow. Beyond this location it
becomes fully developed flow, and the boundary layer might become turbulent due to
incapability of the shear stress to hold the flow in layers. Since the velocity profiles of a
developing and developed flow are different, the characteristics of the approaching flow
can be revealed by investigating the velocity distribution of flow before the bridge.
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In this study, the velocity distributions in the approach flow were measured in the
first half hours, which showed nearly uniform velocity distribution flow over a crosssection because the bottom and sidewall boundary layers were not fully developed. Two
representative measured velocity distributions over a cross-section located at 22 cm
upstream of the bridge are shown in Fig.4.2 where both the flow depths were 25 cm, the
average velocity for d50 = 1.14 mm was 0.41 m/s and the average velocity for d 50 = 2.18
mm was 0.53 m/s. Fig.4.2 (a) shows five vertical velocity distributions over the crosssection for two different tests where data near the bottom ( y < 5 cm) and near the free
surface ( y > 17 cm) could not be accurately measured due to the distance requirements
for the probe, according to SonTek (1997). Fig.4.2 (b) shows the corresponding depthaveraged velocity distributions along the lateral where data near the side walls were not
measured due to the same reason. The near wall velocity distributions were extrapolated
by a 1-7th power law for explanation.
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Figure 4.2 Velocity distribution of approach flow (a) vertical distribution, and (b) lateral
distribution
Figure 4.2(a) shows that the velocity distribution for each vertical is
approximately a constant, which implies that the bottom boundary layer upstream of the
bridge was not fully developed, and the boundary layer thickness was less than or equal
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to 5 cm. Similarly, the depth averaged velocity distribution in the lateral for each test in
the center of the flume ( where -15 cm< z <15 cm), shown in Figure 4.2(b), is also nearly
a constant, which means the two side wall boundary layers were not fully developed,
either. These undeveloped boundary layers resulted from the short length of the test
section upstream of the bridge. They affect the bridge flow in two ways: friction
upstream of the bridge and flowrate through the bridge. Since bridge flows are rapidly
varied flows, the friction can be neglected compared with pressure difference. Therefore,
the present experimental setup, in terms of friction, does not limit one to apply the results
to prototype flows. Nevertheless, in terms of flowrate through a bridge, one must treat the
present experiments and prototype flows differently. For the present experimental setup,
since the undeveloped boundary layers were very thin compared with the flow depth and
channel width, one can approximate the velocity distribution of approach flows to be
uniform.

4.3 3-Dimensional Scour Morphology and Width-averaged 2Dimensional Longitudinal Scour Profiles
The major result of this study is the time-dependent variations of 3-dimentional
scour morphology. Figure 4.3 and Figure 4.4 show the representations of the 3dimensional scour processes at different times, the experimental conditions are hb =13 cm,
d50 =2 mm and hb = 13 cm, d50 = 1 mm respectively. Corresponding width –averaged
longitudinal scour profiles are shown in Figure 4.5 and Figure 4.6.
As was expected, since the larger grain is harder to move, the average maximum
scour depths of the d50 =2 mm are less than that of the d50 =1 mm under all the conditions,
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that means the scour decreases with increasing sediment size. All the four figures show
that: (1) The shape of the scour holes remains almost unchanged as time elapses. The
longitudinal scour profiles are bell-shaped curves, but not symmetrical because the
eroded materials deposit approximately two to three times the deck width downstream of
the bridge. (2) The scour hole develops rapidly from t  0 to 0.5 hrs, which means the
rate of change of scour depth is very large at the beginning of scour. (3) The scour depth
increases as time elapses, but at t  30 ~ 42 hrs, the change of scour depth is negligible,
and the rate of change tends to zero, which implies that an equilibrium scour hole was
attained approximately at t  30  42 hrs. (4) The position of the maximum scour depth is
close to the outlet of the bridge, at x  0.5 to 0 cm, where x  0 is 4 cm from the
downstream face of the bridge. (5) In general, the scour morphology is approximately 2dimensional before the maximum scour depth (because of pressurized flow) but 3dimensional after the maximum scour depth (because of the effect of free-surface).
The figure 4.7 illustrates the representations of the 3-dimensional scour processes
at different times, the experimental conditions are hb =19 cm, d50 =1 mm. Corresponding
width–averaged longitudinal scour profiles are shown in Figure 4.8. The scour increases
as the bridge opening height, hb, decreases, which means the scour increases with the
deck inundation level, hu - hb.
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Figure 4.3 Representation of scour evolution at different times for hb = 13 cm and d50 = 2
mm
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Figure 4.4 Representation of scour evolution at different times for hb = 13 cm and d50 = 1
mm
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Figure 4.5 Evolution of width-averaged longitudinal scour profiles for hb = 13 cm and d50
= 2 mm

Figure 4.6 Evolution of width-averaged longitudinal scour profiles for hb = 13 cm and d50
= 1 mm
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Figure 4.7 Representation of scour evolution at different times for hb = 19 cm and d50 = 1
mm
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Figure 4.8 Evolution of width-averaged longitudinal scour profiles for hb = 19 cm and d50
= 1 mm

4.4 Width-averaged Maximum Scour Depths
In terms of engineering concerns, the most important is the time-dependent
variation of the maximum scour depths, which are summarized in Tables 4.1 and 4.2.
Columns 1 and 2 in both tables were plotted in Fig.4.9 that again shows as time elapses,
the maximum scour depth,   t  , increases but the rate of change (slope) decreases and
tends to zero as an equilibrium scour approaches. Further discussion of the maximum
scour depths is addressed in the next chapter.
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Figure 4.9 Variation of maximum scour depth   t  against time t
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Table 4.1 Data of maximum scour depth against time for sediment d 50 = 1.14mm
Time

(1)

(2)

 (t )

tV u
hb

 (t)
ys

)

(cm)

(105 )

(1)

(2)

t
(

hr

Measured
Scour Depth

(3)

Calculated
Scour Depth

Error

 (t )

(5)-(2)

(cm)

(cm)

(5)

(6)

0.532
0.619
0.692
0.745
0.850
0.896
0.950
0.953
0.998
0.985
1.000

3.28
3.89
4.51
5.12
5.73
6.08
6.32
6.50
6.62
6.74
6.76

-0.49
-0.49
-0.40
-0.16
-0.29
-0.26
-0.40
-0.26
-0.45
-0.23
-0.32

0.470
0.529
0.662
0.738
0.802
0.867
0.892
0.942
0.942
0.958
1.000

3.02
3.62
4.22
4.82
5.42
5.76
6.01
6.19
6.33
6.48
6.62

-0.23
-0.04
-0.35
-0.29
-0.13
-0.23
-0.16
-0.33
-0.19
-0.15
-0.29

0.420
0.508
0.661
0.772
0.865
0.850
0.886
0.895
0.924
0.953
1.000

2.52
3.05
3.58
4.10
4.63
4.93
5.15
5.31
5.44
5.59
5.76

-0.03
-0.04
-0.43
-0.58
-0.63
-0.23
-0.23
-0.12
-0.17
-0.20
-0.31

(4)

hb  13 cm
0.5
1
2
4
8
12
16
20
24
30
42

3.77
4.38
4.90
5.28
6.02
6.34
6.73
6.75
7.07
6.97
7.08

0.06
0.12
0.24
0.47
0.94
1.41
1.88
2.36
2.83
3.53
4.95

hb  16 cm
0.5
1
2
4
8
12
16
20
24
30
42

3.25
3.66
4.58
5.11
5.54
6.00
6.17
6.51
6.51
6.62
6.92

0.5
1
2
4
8
12
16
20
24
30
42

2.55
3.09
4.01
4.69
5.25
5.16
5.38
5.43
5.61
5.79
6.07

0.05
0.10
0.19
0.38
0.77
1.15
1.53
1.91
2.30
2.87
4.02

hb  19 cm
0.04
0.08
0.16
0.32
0.64
0.97
1.29
1.61
1.93
2.42
3.38

(1) Vu is the upstream velocity. hb is the bridge opening height.
(2) The ratio of the scour depth with the maximum scour depth.
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Table 4.2 Data of maximum scour depth against time for sediment d 50 = 2.18mm
Time

t
(

hr

)

(1)

Measured
Scour Depth

(1)

(2)

 (t )

tVu
hb

 (t)
ys

(cm)

(105 )

(2)

(3)

Calculated
Scour Depth

Error

 (t )

(5)-(2)

(cm)

(cm)

(4)

(5)

(6)

0.516
0.578
0.659
0.719
0.812
0.849
0.878
0.936
0.965
0.984
1.000
1.000

1.44
1.87
2.30
2.73
3.16
3.41
3.57
3.69
3.76
3.82
4.03
4.03

-0.64
-0.46
-0.35
-0.17
-0.11
-0.02
0.03
-0.09
-0.13
-0.15
0
0.01

0.408
0.543
0.602
0.678
0.769
0.818
0.882
0.931
0.956
0.993
0.998
1.000

1.11
1.47
1.83
2.19
2.55
2.76
2.90
3.01
3.09
3.17
3.21
3.22

-0.28
-0.37
-0.21
-0.11
-0.06
-0.01
-0.09
-0.15
-0.15
-0.20
-0.17
-0.18

0.220
0.411
0.570
0.631
0.781
0.846
0.879
0.897
0.958
0.991
1.000

0.53
0.72
0.91
1.10
1.29
1.40
1.48
1.54
1.58
1.63
1.69

0.14
-0.01
-0.10
-0.02
-0.10
-0.10
-0.09
-0.06
-0.12
-0.13
-0.10

hb  13.5 cm
0.5
1
2
4
8
12
16
20
24
30
36
42

2.08
2.33
2.66
2.90
3.28
3.43
3.54
3.78
3.89
3.97
4.03
4.02

0.5
1
2
4
8
12
16
20
24
30
36
42

1.38
1.84
2.04
2.30
2.61
2.78
2.99
3.16
3.24
3.37
3.38
3.39

0.5
1
2
4
8
12
16
20
24
30
42

0.39
0.73
1.02
1.13
1.39
1.51
1.57
1.60
1.71
1.77
1.78

0.07
0.13
0.27
0.53
1.07
1.60
2.14
2.67
3.20
4.00
4.80
5.61

hb  16 cm
0.05
0.11
0.22
0.43
0.87
1.30
1.74
2.17
2.60
3.25
3.90
4.55

hb  19 cm
0.05
0.09
0.18
0.37
0.73
1.10
1.46
1.83
2.19
2.74
3.84

(1) Vu is the upstream velocity. hb is the bridge opening height.
(2) The ratio of the scour depth with the maximum scour depth.
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4.5 Summary
The change with time in maximum local scour depth from plane-bed to
equilibrium conditions was recorded and analyzed. The experimental results include the
velocity distributions of the approach flow, the records of 3-dimensional scour
morphology, the width-averaged 2-dimensional longitudinal scour profiles, and the
width-averaged maximum scour depths. Furthermore, in this study, the temporal
development of scour on the pressurized flow river bed was experimentally studied using
a physical hydraulic model. The study was performed under clear-water conditions using
the uniform bed material and a 6 – gird deck. The principal objective of this research was
to calculate the time development of the scour at the river bed until it reached the
condition of equilibrium scour. Furthermore, in order to enlighten the underlying
mechanisms responsible for the scour, the analysis of the effect of the sediment size, the
open height of the bridge and the flow velocity was studied.
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Chapter 5 Semi-empirical Model
5.1 Introduction
Prediction of local scour that develops downstream of hydraulic structures plays
an important role in hydraulic design procedures. For any engineering work, designers
should concern both safety and economy. While underestimation of the scour depth leads
to the design of too shallow a bridge foundation, on the one hand, overestimation leads to
uneconomical design on the other. Therefore, knowledge of the anticipated maximum
depth of scour for a given discharge is a significant criterion for the proper design of a
bridge pier foundation.
Scour depth can be determined by various methods, i.e. by use of empirical
formulae, physical models and theoretical approaches. Traditionally, scour formation is
estimated with the complete empirical formulae, mostly developed from experimental
data. This approach is often unreliable and not representative because of neglecting some
of the basic physics involved. Most of the empirical equations are based on the data of
the laboratory models, or derived from the field data of certain rivers. Although the
construction of these equations is simple and straightforward, much underlying
hypothesis makes the equations are too subjective, and the full understanding of the scour
process and the interaction of the various parameters are still incomplete. As a result,
most of the empirical equations are only applicable for a limited range of hydraulic and
geometric conditions.
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In order to overcome the limitations of empirical models, it's natural to investigate
the underlying mechanisms of the physical process and develop a general theoretical
model incorporating all important factors. Such a model reflects the intrinsic
characteristics of the system and describes the evolution of the dynamics. However, there
are some inevitable difficulties with those theoretical models. First of all, the basic
assumptions of the physical systems, which are the foundation of the theoretical models,
might make the models inapplicable or inappropriate in reality. Hence, sometimes
generalization or modification is necessary from a practical point of view. Second, it's
always too soon to claim we have unveiled the full mechanism of the physical systems. A
lot of work is still needed before we can fully understand the problems at hand.
This study presents a design method for time-dependent scour depth under bridgesubmerged flow. After laboratory experiments were conducted to measure bridgesubmerged local scour in different arrangements, experimental data were compiled for
each arrangement to develop new semi-empirical equations based on the mass
conservation of sediment. The proposed method can appropriately reduce the design
depth of bridge scour according to design flow and a peak flow period, which can
translate into significant savings in the construction of bridge foundations.

5.2 Semi-empirical Model for Maximum Scour Depth
Scour processes are described by the conservation of mass of sediment, which is
often called the Exner equation (Paola and Voller 2005):
 cb


  qs  0
t

(5.1)
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where cb  bed materials concentration or sediment packing density that can also be
expressed as (1   p ) in which  p is the bed porosity,   scour depth at time t , the negative
sign(-)is used since the positive direction of scour depth,  , is defined downward
(Fig.5.1), and q s  sediment flux (sediment discharge per unit area). The Exner equation
states that scour depth,  , increases proportionally to the amount of sediment that is
moved by the flow. For one-dimensional flow, after integrating over a flow cross-section,
Eq. (5.1) reduces to:
 cb

 q s

0
t
x

(5.2)
q

x

where s volumetric sediment transport rate per unit width, and
coordinate in the
flow direction. Assume that scour processes in clear water are mainly due to bedload
transport, the sediment transport rate, q s , in Eq. (5.2) can then be approximated by the
Meyer-Peter equation (Chien and Wan, 1999)
qs

s  1 gd503

  0  c 

 8


s

1

gd
50 


3/ 2

(5.3)
where s  specific gravity of sediment, g  gravitational acceleration, d 50  diameter of
sediment,  0   0 x, t   bed shear stress varying with location x and time t ,  c  critical
shear stress for bedload motion, and   density of water.

Substituting Eq. (5.3) into Eq. (5.2) and rearranging gives:

 0   c  1  0 

12



t s  1cb
  g x 

(5.4)

where:

0 

f
Vb2
8

(5.5)
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in which f  friction factor that varies with a Reynolds number and relative roughness,
and Vb  cross-sectional average velocity under a bridge, which varies spatially and
temporally. Eqs. (5.4) and (5.5) show that the rate of change of scour depth depends on
the flow condition, Vb x, t  , and sediment (packing density c b , critical shear stress  c , and
friction factor f ). At the beginning of a scour process, t  0 , the value of  / t is large
and positive since  0   c and  0 / x  0 (because downstream transport rate is always
larger during a scour phase); after that, the value of  / t decreases with time since both

 0   c and  0 / x decrease with time; finally, the value of  / t becomes zero when an
equilibrium scour depth is attained. Accordingly, the temporal variation of the rate of
change of scour depth,  / t , can be represented by the solid line in Fig. 5.2 where te 
equilibrium time.
Theoretically, the solution of Eq. (5.4) must be coupled with a flow equation that
describes the spatial and temporal variation of velocity Vb  x, t  under a bridge.
Nevertheless, the nonlinear interaction between scour depth and velocity under a bridge
makes an exact solution for  impossible. For engineering concern, this analysis focuses
on the temporal variation at the maximum scour depth where x  0 , i.e.    (0, t ) .
According to Fig.5.2, as a first approximation in the middle of a scour phase, one can
hypothesize that:

y
 s
t
t

(5.6)
where the equilibrium scour depth y s , which is related to flow conditions and has been
discussed in Guo et al. (2009), is introduced since it is an appropriate scaling length of
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scour depth . Eq. (5.6) is represented by the dashed line in Fig.5.2 but it is not valid at

t  0 and t  te . Eq. (5.6) may be rewritten as
 kys

t
t

(5.7)
where the constant k reflects the effect of sediment, as suggested by c b ,  c and f in Eqs.
(5.4) and (5.5).
As for the packing density cb , according to Chien and Wan (1999, p39), the
porosity  p of sediment decreases with increasing sediment size d 50 . In other words, the
packing density cb

increases with increasing sediment size d 50 . One then has the

following reasoning:
d 50    , cb   

Eq.(5.4)





t

Eq.(5.7)

 k  

(5.8)

Similarly, for cohesionless sediment, the effect of critical shear stress  c can be
reasoned as follows:
d 50    , cb   

Eq.(5.4)





t

Eq.(5.7)

 k  

(5.9)

Nevertheless, for the friction factor f , one has
Eq.(5.5)

Eq.(5.4)

d50    , f      0    

Eq.(5.7)

  k  

t

(5.10)

Eqs. (5.8) and (5.9) show that the value of k decreases with increasing sediment
size, but Eq. (5.10) states that the value of k increases with increasing sediment size. For
natural sediments, the packing density varies between 50% and 75% (Chien and Wan
1999). In the early phase of a scour process, the shear stress  0 is much larger than that of
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critical value  c . Therefore, the effects in Eqs.(5.8) and (5.9) may not be significant in an
early phase of a scour process. As a result, the value of k may increase with increasing
sediment size d 50 . This hypothesis will be tested in the next section.

Integrating Eq. (5.7) and rearranging it gives:


ys

 k ln t  B

(5.11)
where the integration constant B is approximately determined by the equilibrium
condition,   ys at t  te . Substituting this condition into Eq. (5.11) results in:

B  1 k ln te

(5.12)

Eq. (5.11) then becomes:


ys

 k ln

t
1
te

(5.13)
which means in the middle of a scour process, the evolution of scour depth approximately
follows a log law, like the law of wall in turbulent boundary layers.
Note that although the constant B in Eq. (5.12) is determined at t  te , Eq. (5.13)
should not be valid at t  0 and t  te since the hypothesis, Eq. (5.6), is not valid there, as
shown in Fig. 5.2. Fortunately, the scour depth at t  0 is insignificant in practice so that
one can ignore this flaw, like the log law velocity profile at a rough wall. The second
flaw at t  te can be fixed by analogizing it to the modified log-wake law in turbulent
boundary layers (Guo and Julien 2003, Guo et al. 2005), which means one can force the
rate of change of scour depth to be zero at t  te by adding a cubic function to Eq. (5.13),
i.e.
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 t 1  t 3 1 
 k ln       1
ys
 te 3  te  3 



(5.14)
where the equilibrium time t e is characterized by the overall flow conditions and may be
expressed by
te  C

hb
Vu

(5.15)
where C is an undetermined constant, hb  bridge opening height before scour (Fig. 5.1),
and Vu  approach velocity upstream of a bridge. Substituting Eq. (5.15) into Eq. (5.14)
gives:

 tV 1  tV 3 1 
 k ln u   u     1
ys
 Chb 3  Chb  3 
(5.16)
which is called the log-cubic law for temporal variation of submerged-flow bridge scour.



Finally, one can summarize the above with the following hypothesis: Timedependent scour depth may be described by a log-cubic law, Eq. (5.16), where the scour
depth  is scaled by its equilibrium depth ys , the time t is scaled by the approach
velocity Vu and bridge opening height hb , and the parameter k may increase with
increasing sediment size while the parameter C may be a universal constant.
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Figure 5.1 Coordinate system for sediment continuity equation

Figure 5.2 Characteristics of rate of change of scour depth

5.3 Test of Semi-empirical Model
To test the hypothesis, the present experimental data are, first, plotted according
to  / ys versus tVu / hb in Fig.5.3, which demonstrates that the scour depth and time t
are indeed appropriately scaled by ys and hb / Vu , respectively.
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Figure 5.3 Test of similarity hypothesis and determination of universal constant C
The equilibrium state is, next, read from Fig.5.3 where
teVu
 4. 32 10 5
hb

(5.17)

which gives the constant C in Eq. (5.15) as

C  4.32  10 5
(5.18)
One can, then, clearly see from Fig.5.3 that most of the data points for

d50  1.14 mm (blue) are above those for d50  2.18mm (red), which just confirms the
hypothesis that the value of k increases with increasing sediment size (since the value in
the brackets of Eq. (5.16) is negative). Furthermore, using a nonlinear least-squares
method in MatLab, fitting Eq. (5.16) to the present data gives:

k  0.125

for d 50  1.14 mm

k  0.154

for d 50  2.18 mm

(5.19)
which are shown in Fig. 5.4 through the slopes. Finally, the model parameters in Eqs.
(5.18) and (5.19) can well fit the log-cubic law, Eq. (5.16), to the data of the columns 3
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and 4 in Tables 4.1 and Table 4.2 of chapter 4, shown in Fig.5.5 and Fig.5.6 for

d50  1.14 mm and

d50  2.18mm , respectively.

The corresponding correlation

coefficients, R 2 , and standard deviations,  , are as follows:

R 2  0.982 ,   0.030 , for d50  1.14 mm
R 2  0.963,   0.036 , for d50  2.18 mm

(5.20)

Assume a Gaussian distribution for the regression errors. This results implies that for

d50  1.14 mm , 68% of the regression errors fall into the interval (0  σ) =  0.03. In
other words, with a 68% confidence interval, the estimated scour depth has an error of

 3  4% of equilibrium scour depth y s . Similarly, with a 95% confidence interval, the
estimated scour depth has an error of   6  7  % of equilibrium scour depth y s . Besides,
the absolute errors between the proposed model and the measured maximum scour depths
are tabulated in the column 6 in Tables 2 and 3, where the maximum error is about 6 mm
(the first row of data in Table 4.2) that is within the usual uncertainties of bedform
measurements in flume experiments.
One can conclude that the log-cubic law, Eq. (5.16), indeed describes the timedependent scour depth under bridge-submerged flow where the parameter C is a
universal constant, but the parameter k increases with increasing sediment size. Because
of the limitation of sediment sizes in the present experiments, a general relationship
between the parameter k and sediment size d50 cannot be generated in this study.
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Figure 5.4 Variation of parameter k with sediment size d50
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Figure 5.5 Test of log-cubic law with data of d50 = 1 mm
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Figure 5.6 Test of log-cubic law with data of d50 = 2 mm
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Chapter 6 Conclusion and Future Work
6.1 Conclusions
The results of the experimental study reveal the following:


The depth of scour is highly dependent on time. The depth of scour hole increases
as the time increases until equilibrium state.



The shape of the longitudinal scour profiles remains almost unchanged with
respected to time.



The position of the maximum scour depth quickly moves to its equilibrium
position that is close to the downstream edge of the bridge deck.



The rate of change of scour depth decreases as time elapses and tends to be zero
as the scour approaches its equilibrium state.



The maximum scour depth can be described by two similarity numbers where the
time-dependent scour depth is scaled by the corresponding equilibrium scour
depth, and the time by the approach velocity and bridge opening height, as shown
in Figure 5.3 of Chapter 5.



The time-dependent scour depth can be estimated by the log-cubic law, Eq. (5.16)

 tV 1  tV 3 1 
 k ln u   u     1
ys
 Chb 3  Chb  3 



which agrees very well with the collected flume data (Figure 5.5 and Figure 5.6).
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The proposed method may be used to estimate the evolution of scour depth at a
certain time, which can appropriately reduce the design depth and construction
cost of a bridge foundation according to design flow and peak flow duration.

6.2 Implication and Limitation
Current practice for determining the scour depth at a bridge crossing is based on
the equilibrium scour depth of a design flood (e.g., 50-year, 100-year, and 500-year flood
events), which is unnecessarily larger than a real maximum scour depth during a bridge
life span since the peak flow duration of a flood event is often much shorter than its
equilibrium time. The proposed method can be used to estimate the evolution of scour
depth at a certain time, which means it can appropriately reduce the design depth and
construction cost of a bridge foundation according to design flow and a peak flow
duration. Nevertheless, the proposed method is limited to steady flow with clear water
conditions and uniform bed materials.
In addition, when applying Eq. (5.16) to practice, one has to note that: (1) the
equilibrium scour depth ys is estimated by Guo et al. (2009) although the measured
values were used in the present study; and (2) the proposed method is only valid for
tVu
 4.32 10 5
hb
5
when tVu / hb  4.32 10 , the equilibrium scour depth is used where   ys
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6.3 Future Work
Recommendations regarding possible future work in relation to the current
research project are as bellows:


Most of the research on scour has been conducted under free-surface flow
condition with the resultant scour prediction equations based on free-surface
flows (Lagasse et al. 1991; Richardson et al. 1993). Few study focus on the aspect
of general scour under bridge-submerged flow condition (or pressurized flow
condition). However, the bridge-submerged floods occur commonly in many
regions. Present study is to compute pressure-flow scour independently of local
scour (removing the pier), future work could develop a comprehensive model that
would incorporate both scour phenomena.



In this study, all the experiments were run below the incipient motion velocity for
each sediment size, which means clear-water condition. Using the sediment
recirculation equipment, live-bed experiments will be conducted in the next step
of the study.



Two sets of uniform sediment were used in this study. However, this is ideal
condition in the lab. The future work should be focused on the investigation of
scour depth for the non-uniform sediment, which has more practical significance.



The semi-empirical equation of the temporal variation of scour depth in this study,
should to be applied for the unsteady flow in the next work. The flow conditions,
such as the flow velocity, flow pressure, acceleration affect the scour depth
significantly.
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APPENDIX GLOSSARY

B = Integration constant;
C = Model constant for equilibrium time;
𝐶𝑏 = Bed materials concentration or sediment packing;
𝑑50 = Median diameter of sediment;
𝐹𝑟 = Froude Number;
𝑓 = Friction factor;
𝑔 = The gravitational acceleration;
𝑏 = Bridge opening height before scour;
𝑘 = Model parameter reflecting effect of sediment size;
𝑂 = Origine of coordinate system;
q𝑠 = Sediment flux;
𝑞𝑠 = Sediment transport rate per unit width;
𝑅 = Correlation coefficient;
𝑅𝑒 = Reynolds number based on hydraulic radius;
𝑅 = Hydraulic radius;
𝑠 = Specific gravity of sediment;
𝑡 = Time;
𝑡𝑒 = Equilibrium time;
𝑉𝑏 = Cross-sectional averaged velocity under a bridge;
𝑉𝑢 = Approach velocity in upstream of a bridge;
𝑥 = Coordinate in flow direction;
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𝑦 = Coordinate in vertical direction;
𝑦𝑠 = Equilibrium scour depth;
𝑧 = Coordinate in lateral direction;
𝜂 𝑥, 𝑡 = Scour profile at time;
𝜂 𝑡 = Maximum scour depth at time;
𝜆𝑝 = Bed porosity;
𝜌 = Density of water;
𝜎 = Standard deviation;
𝜏𝑐 = Critical shear stress for bedload motion;
𝜏0 = Bed shear stress.

